Decoupled control for the bicycling UGent knee rig : design, implementation, and validation by Chevalier, Amélie et al.
IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 22, NO. 4, AUGUST 2017 1685
Decoupled Control for the Bicycling UGent Knee
Rig: Design, Implementation, and Validation
Ame´lie Chevalier, Matthias Verstraete, Clara Ionescu, Member, IEEE, and Robin De Keyser
Abstract—This paper presents the design and implemen-
tation of a new control strategy for Ghent University, Ghent,
Belgium (UGent) knee rig, which is capable of imposing
bicycle motions on cadaver knee specimens in order to in-
vestigate knee biomechanics and the impact of newly de-
signed knee implants. An electromechanical description of
the system with its instrumentation and limitations is given.
Via system identification, a dynamical model of the multiple-
input/multiple-output system is obtained on which the con-
trol strategy design is based. This control strategy com-
bines position control and force control. Dynamical analysis
of the system suggests the need for a Proportional-Integral-
Derivative (PID) control strategy with gain adaptation. In or-
der to fulfill the performance specifications, a feed-forward
action and decouplers are added to the control strategy,
and their advantages are shown via simulations and exper-
iments. The complete strategy is implemented on the real
system and the output signals are measured for analysis.
The results indicate that the identified model fits well to the
measured data and that the designed control strategy is
able to accurately control the system. The measurements
show that the predefined performance specifications have
been achieved for a bicycle motion with a period of 10 s; the
error on the position is smaller than 2 mm and the error on
the force is smaller than 10 N.
Index Terms—Bicycle motion, control design, dynamic
knee rig, feed-forward, gain adaptation, instrumentation.
I. INTRODUCTION
THE KNEE joint is the most complex joint in the humanbody as it transfers large forces up to 3.5 times the body
weight during the decent of a staircase [1]. Due to the complexity
of the knee joint and the large loads transferred, the knee joint
is keenly prone to injuries.
During the past decades, the number of knee joint injuries
increased with a twofold reason. On one hand, statistical
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analysis indicates that 37% of sport injuries are linked to the
knee joint [2], [3]. On the other hand, due to the current aging
population [4], [5], there is an increase in knee injuries due to
wear and tear [6], [7].
For many patients with knee injuries, especially for elderly
with osteoarthritis, the only possible treatment is total knee
arthroplasty (TKA). During this procedure, the articulating sur-
faces of the knee joint are completely or partially replaced
by artificial surfaces of a knee implant [8]. As a result, the
amount of TKAs performed in EU and in U.S. has increased by
25–30% during the past five years [9]–[11]. This increase coin-
cides with a significant economic impact consisting of the cost
of the procedure itself (9000 EUR or $15 000 USD) and the
cost to the society due to the incapacity of the patient to work
[10]–[12].
Although the design of knee implants and the surgical tech-
niques have evolved tremendously [13], there is still a failure
rate of 60.2% during the first five years after which a revi-
sion surgery is needed, increasing the economic impact even
more [14], [15]. Besides infection, the two major reasons for
failure are aseptic loosening of the components, accounting for
31.2% of all failures, and instability, accounting for 18.7% of all
failures [14].
To evaluate the stability of new knee implant designs or new
surgical techniques, dynamic knee rigs [16] are used in order
to thoroughly understand the potential failure patterns and min-
imize the associated in vivo risks. These rigs are used by or-
thopedic researchers to impose natural movements to pre- and
postoperative cadaver specimens.
The literature reports two types of dynamic knee rigs [17]. The
first type applies forces and moments directly to the bones and is
called a robotic knee system [18]. Here, the thigh bone is fixed on
a pedestal while the shin bone is connected to the end-effector
of a robotic arm applying different moments and forces. The
second type applies an external force to the quadriceps muscle
while leaving the knee kinematically free to find its equilibrium
position. The advantage of the second type is that no constraints
are imposed on the movement of the bones as is the case for the
first type of machines [17] and that it is less expensive than the
robotic knee systems.
The most common example of the second type is the Ox-
ford knee rig (OKR), which is a simulator that imposes squat
movements onto the knee joint by moving the hip joint ver-
tically and applying a quadriceps force. The OKR is used
as a basis for many knee rig designs [19]–[22] from which
some have been extended in order to provide a wider range of
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motions. For example, the Purdue knee simulator [22] is able
to simulating walking but with the disadvantage that the ankle
is fixed. In order to provide a more general loading, a new type
of knee rig has been developed by Forlani et al. which applies
force and moments to the tibia using a cable structure [23], [24].
The downside is that the tibia always remains in the vertical
direction limiting the flexibility.
Historically, a squat movement was selected as it can be seen
as a model for a number of activities of daily living, such as ris-
ing from a chair [25]. However, this movement is limited in de-
scribing a number of patient-related issues with TKA today, e.g.,
instability during stair descent and bicycle motions. Therefore,
Ghent University, Ghent, Belgium (UGent), knee rig (UGKR)
has been developed, which has more flexibility in motion as the
ankle joint is not fixed contrary to all previously discussed knee
rig designs [26]. Cyclic motion patterns deserve particular at-
tention as they are used in physical therapy after TKA [27], [28].
The benefit of the cycling motion is that it increases the range
of motion of the postoperative knee while minimizing the stress
on the joint [29]. Compared to the squat motion, which was se-
lected in the previous literature, the load during a bicycle motion
is lower. However, while the quadriceps force profile during the
squat motion has a sinusoidal shape [30], the change in force
during the bicycle motion is more sudden, thus more challenging
for the control strategy. Even more sudden and higher changes
in forces are observed during the descending staircase, which
will be a subject of future work [31].
Using multiple actuators, the UGKR can impose a cyclic mo-
tion onto the knee joint but also be extended toward other clin-
ically relevant motion patterns through the independent control
of the kinematic and kinetic boundary conditions. Achieving re-
peatable motion patterns is of key importance in order to obtain
clinically relevant data. Therefore, a suitable control strategy is
needed to impose the positions and forces in the dynamic knee
rig. The design of this control strategy and its validation is the
subject of this research.
From literature studies on the control strategy of the OKR, two
types of control strategies can be distinguished: force control and
position control. A combination of both is often applied within
the same simulator [22], [32], [33]. The Purdue knee simulator
[22] is controlling five axes in order to impose squat motions,
where the actuators can be controlled in either position or force
mode. Controlling each of them with their own proportional-
integral-derivative (PID) controller does not provide satisfactory
results due to the interaction between some of the axes. To deal
with these cross couplings, Maletsky and Hillberry implemented
a multiple-input-multiple-output (MIMO) control strategy [22].
In this paper, a model-based control strategy is developed
for the UGKR based on an analysis of the cross couplings in
the machine and its mechanical and electrical limitations. To
evaluate the performance of the control strategy, the absolute
error is used in the literature as performance metric [21], [23],
[34]. For dynamic knee rigs, Forlani et al. report a position
accuracy of 2.05–2.76 mm [23]. The accuracy on the force in
dynamic knee simulators is reported between 10 and 30 N [21],
[34]. The UGKR is combined with motion tracking devices
in order to investigate the position of the bones and provide
Fig. 1. UGKR mounted with a cadaver knee. The two position actuators
are indicated by B and C, while the three force actuators are indicated
by A, D1, and D2.
a measure for instability of the knee. Therefore, accuracy on
position and force is important as there is a strong link between
them. Literature reports on statistically relevant differences in
torques and forces due to small position changes [35], [36].
This paper is structured as follows. Section II gives a
short description from electromechanical point of view of the
UGKR and presents the used instrumentation and its limitations.
Section III gives identification of the model for the model-based
control design. Section IV presents the designed control strategy
consisting of gain adaptation, PID control, feed-forward control,
and decoupled control. Section V presents a set of simulations
and experimental validation to investigate the performance of
the designed controller. Discussion of the results is provided
in Section VI. Conclusions and future work are presented in
Section VII.
II. UGENT KNEE RIG
This section provides a description of the UGKR from elec-
tromechanical point of view combined with the used instru-
mentation and the limitations of the system. A detailed biome-
chanical description can be found in [26], where a basic ON–
OFFcontrol strategy was used resulting in a good but very slow
performance of the system (one cycle per minute).
A. System Description
Contrary to the OKR, the hip joint is fixed in the UGKR and
the ankle joint can move in the sagittal plane, i.e., the plane
dividing the human body in left and right. Another difference
with the OKR is that the UGKR not only controls the quadriceps
force but also the hamstring forces. The latter have shown a
considerable contribution to the knee kinematics [32].
The UGKR (see Fig. 1) consists of five actuators imposing
motions and forces to the knee specimen. The position of the
ankle joint is controlled in the sagittal plane (XY plane) by ac-
tuators B and C. Actuator C moves the ankle in horizontal or
in the X-direction over a sliding platform. This entire platform
together with the ankle and actuator C can move vertically, or
in the Y -direction, by actuator B. While the movement of the
ankle is imposed, the desired quadriceps force (i.e., front mus-
cle in the upper thigh) and hamstring forces (i.e., back muscles
CHEVALIER et al.: DECOUPLED CONTROL FOR THE BICYCLING UGENT KNEE RIG: DESIGN, IMPLEMENTATION, AND VALIDATION 1687
Fig. 2. Detailed view of the biological knee with its muscle connec-
tion mechanisms for the quadriceps and hamstrings and its natural six
degrees of freedom.
Fig. 3. Schematic representation of the UGKR.
in the upper thigh) are applied by actuator A and actuators D1
and D2, respectively. The hamstring force is mimicked by two
actuators due to the different attachment sites of the anatomical
hamstrings. Two attachment sites can be distinguished; one on
the inside of the knee joint, i.e., medial, and one on the out-
side of the knee joint, i.e., lateral, creating a medial and lateral
hamstring actuator. A detailed view of the biological knee with
its muscle connections and its six natural degrees of freedom
can be seen in Fig. 2. The applied forces are transferred to the
corresponding tendons via a cable–pulley system. A schematic
representation of the system can be seen in Fig. 3.
Different types of specimens can be inserted in the system,
such as a mechanical hinge that acts as a model for the human
knee; a saw bone, i.e., a hard foam model of the knee joint; and
a cadaveric knee joint.
In the presented research, the mechanical hinge model is
used to test the designed control strategy, perform analyses,
and validate the correct operation. The masses and lengths of
the thigh and shin bone of the mechanical hinge are given in
Table I.
TABLE I
PARAMETERS OF THE UGKR
MECHANICAL HINGE
Length thigh bone 421 mm
Length shin bone 479 mm
Mass thigh bone 11 kg
Mass shin bone 5 kg
POSITIONING ACTUATORS Parker SMH Servo Motor
Maximal speed for the horizontal actuator 174 mm/s
Maximal speed for the vertical actuator 122 mm/s
LINEAR POSITIONING SENSOR Temposonics E-series
Horizontal range 1000 mm
Vertical range 1500 mm
Output signal 0–10 V
Nonlinearity error <0.02% of the full range
Repeatability error <0.005% of the full range
Peak-to-peak disturbance 1 mm
LOAD CELLS Sensy 2961/S-beam 700
Sensy range 5 kN
Sensy combined error <0.1% of the full range
Sensy peak-to-peak disturbance 5 N
S-beam range 2 kN
S-beam combined error <0.05% of the full range
S-beam peak-to-peak disturbance 4 N
Fig. 4. Controlled and manipulated variables in the UGKR and their
connections which show the direct paths and the cross interactions in
this MIMO system.
Fig. 4 shows the controlled and manipulated variables in the
UGKR together with the direct paths and the cross interactions
of this MIMO system.
B. Instrumentation and Limitations
The knee rig is subjected to several limitations or constraints.
These constraints originate first from the used actuators and
sensors, which do not have an infinite range or accuracy. Prop-
erties such as nonlinearity, resolution, noise, and repeatability
are limiting factors. Second, the limitation on the input currents
of the servo motors and dc motors also gives a constraint as
high accuracy combined with high speed will need a high input
current. A third constraint is seen in the inner control loops of
the servo drives. Although these drives respond very quickly,
they are still subjected to the laws of physics and, therefore,
have limitations on speed and accuracy.
1) Positioning Actuators: The positioning actuators, B
and C in Fig. 1, are servomotors causing a linear displacement
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to the ankle joint due to an input voltage which represents the
speed. They are manufactured by Parker and are equipped with
an absolute rotary encoder used in the inner control loop, which
will be treated as a black box model in this research. Each servo-
motor also has an individual Compax3 control module, which
processes the encoder data and controls the current, position,
and velocity of the motor using LabVIEW. Due to the limitation
on the input current, the speed of the actuators is limited (see
Table I) and will determine the maximal angular velocity of the
bicycle motion.
2) Force Actuators: Force actuator A in Fig. 1 is the same
type of servomotor as actuator B and C, where a force sensor,
i.e., a pancake load cell, is placed between the cable and the
piston to measure the applied quadriceps force. Force actuators
D1 and D2 are dc motors that are linear ball actuators, which
requires an input speed voltage and are controlled by an H-
bridge. An external S-beam load cell is used to measure the
hamstring forces.
3) Linear Sensors: Both positioning systems are equipped
with linear position sensors, which are based on the time-based
magnetostrictive position sensing principle [37]. Both sensors
are E-series models manufactured by Tempsonics with charac-
teristics listed in Table I. Both the nonlinearity and the repeata-
bility limitations are negligible compared to the error caused by
high-frequency noise on the analog voltage wires. The peak-
to-peak amplitude of the disturbances acting on the signal will
affect the performance of a derivative action in the control strat-
egy as this is sensitive to high-frequency signals. The output
signals of the positioning sensors are transferred via a Com-
pactRio module of National Instruments to the computer.
4) Load Cells: Three load cells are used by the UGKR: A
pancake load cell, manufactured by Sensy, measures the quadri-
ceps force and two S-beam load cells, manufactured by Load
Cell Shop, are used to measure the hamstring forces. The load
cell parameters are listed in Table I. The peak-to-peak amplitude
of the disturbances for the Sensy sensor has the same order as
the error amplitude making the error on the load cell itself no
longer negligible compared to the noise. But as the high iner-
tia of the actuator opposes the high-frequency control outputs,
there will be only a small influence from the noise. The error
caused by the load cell, on the other hand, cannot be accounted
for. It is a fixed uncertainty and an important factor in terms of
control. Trying to control the system within a margin of 1 N
would be a waste of energy.
5) Control: Embedded control of the system is deployed
using LabVIEW, which communicates via CompactRIO I/O
modules of National Instruments. The LabVIEW program con-
sists of an offline part that defines the reference trajectories and
controller parameters, and an online part that maintains the real-
time connection with the components and visualizes the sensor
outputs.
III. MODEL IDENTIFICATION
This section deals with the identification procedure and re-
sults of the entire UGKR in order to obtain a validated mathe-
matical model describing the dynamics of the system when the
mechanical hinge is inserted. The resulting models will be used
to design the model-based control strategy. As the system is a
MIMO system, both the direct paths and the cross interactions
between the input and output variables of the system will be
identified in order to investigate the significance of cross cou-
pling (see Fig. 4). In the current research, a black-box approach
is used in order to compare it in future work to a full mathemat-
ical model of the UGKR.
A. Identification Procedure
Identification is performed by applying a voltage pseudoran-
dom binary signal (PRBS) as excitation signal at the input of
one of the actuators and measuring the corresponding outputs,
i.e., the positions or forces. During this measurement, the other
four inputs are kept constant at the operating point, i.e., 100 N
for the hamstrings, 350 N for the quadriceps, and varying for
the X- and the Y -position (see Table III). By performing the
identification at normal operating conditions, the errors due to
nonlinearity issues in the systems are reduced. This procedure
is repeated for all five actuator inputs. A mathematical expres-
sion describing the dynamic behavior between the input and
the output can then be obtained using a parametric identifica-
tion technique called the prediction error method in MATLAB,
which is expressed in simplified form as
A(q−1)z(t) = B(q−1)v(t− nk ) + e(t) (1)
where q−1 represents the digital shift operator, z(t) is the mea-
sured output, v(t) is the applied input voltage signal, e(t) repre-
sent the small residuals, nk is the delay, and polynomials A(q−1)
and B(q−1) are the denominator and numerator of the discrete
transfer function, respectively. Equation (1) is also called the
ARX-method where no noise is assumed to be present. As this
system has a low noise level, this assumption does not cause sig-
nificant modeling errors. Detailed information on identification
techniques can be found in [38].
Note that (1) is a linear model. However, as the system dy-
namics are dependent on angles, i.e., sines and cosines, the real
system is nonlinear. Therefore, modeling errors will be intro-
duced by using this linear model. Furthermore, it will be shown
that the use of adaptive gains will decrease the modeling errors
due to nonlinearity.
This identification procedure is used to identify all the sub-
models in the UGKR. Each time the identification measurement
is performed twice: one used for the identification and one used
for validation of the obtained mathematical model.
B. Identified Models and Validation
For each subsystem, the aforementioned identification proce-
dure is performed. For both the horizontal and vertical actuator,
a PRBS with an amplitude of 2 V, a sampling period of 30 ms,
and a minimum pulse width of 120 ms is applied. For the cross
interaction between the horizontal position and the quadriceps
force, the input PRBS signal vX and the corresponding mea-
sured output Qmeas are plotted in Fig. 5 together with the sim-
ulated output Qsim providing a validation of the identification.
The resulting mathematical model is given in Table II with the
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Fig. 5. Identification and validation for GQvX . The input signal is the
PRBS vX , while the measured output signal is the force Qmeas . The
resulting output of the identified system is indicated by Qsim . The iden-
tification is only valid in the region indicated by the ellipse.
TABLE II
IDENTIFIED TRANSFER FUNCTION MODELS
Model Identification NRMSE (%)
GX v X
0 . 4 9 6 z −3
1−z −1 98.40%
GY v Y
0 . 3 5 5 z −4
1−z −1 98.06%
GQ v Q
1 5 . 8 3 0 z −2
1−z −1 95.65%
GQ v X
−8 . 0 2 9 z −2
1−z −1 91.58%
GQ v Y
1 . 9 9 3 z −2
1−z −1 94.07%
GH 1 v H 1
4 . 5 3 7 z −2
( 1−z −1 ) ( 1−0 . 8 0 0 z −1 ) 95.02%
GH 1 v X
4 . 4 9 0 z −2
1−z −1 90.87%
GH 1 v Y
0 . 9 5 7 z −2
1−z −1 87.84%
GH 2 v H 2
3 . 3 8 0 z −2
( 1−z −1 ) ( 1−0 . 7 7 0 z −1 ) 96.17%
GH 2 v X
4 . 4 8 2 z −2
1−z −1 88.65%
GH 2 v Y
0 . 9 1 8 z −2
1−z −1 88.66%
corresponding normalized root-mean-squared error (NRMSE)
in percentage, which is a measure of how well the response
of the model fits the estimation data. Note that each obtained
model consists of a pure integrator and minimal dynamics as
expected from physical insight into the system as the actuators
have a very fast inner control loop and the velocity in the system
is integrated to obtain position.
Analogous, the models for the other subsystems can be ob-
tained. For the identifications of the models linked to the quadri-
ceps force Q, a PRBS with an amplitude of 2 V, a sampling
period of 30 ms, and a minimum pulse width of 60 ms is used.
For the identifications of the models linked to the hamstring
forces H1 and H2 , a PRBS with an amplitude of 1 V, a sampling
period of 30 ms, and a minimum pulse width of 60 ms is used.
Note that tests have shown that only 11 out of the possible
25 interactions are present in the system as indicated in Fig. 4.
The other interactions have, therefore, been omitted from the
identification procedure.
IV. CONTROL STRATEGY DESIGN
This section discusses each part of the designed control strat-
egy for the UGKR. The performance specifications for the
UGKR are set to an absolute position error less than 2 mm
and an absolute force error less than 10 N. These specifications
are based on the reported literature on other knee rigs [21],
[23], [34]. Note that these error limitations should be obtained
TABLE III
GAIN VARIATIONS FOR THE CROSS INTERACTIONS WHERE X AND Y ARE
EXPRESSED IN MILLIMETER
in regime, i.e., after all transients due to sudden steps in the
reference signals have died out.
A. Gain Adaptation
When looking at the validation data from the identification
for GQvX presented in Fig. 5, it can be noticed that the obtained
model is only valid in a certain region (indicated in the ellipse).
As the identification is performed at an initial quadriceps force
of 400 N, it can be concluded that the model is only valid around
a certain operating point.
Therefore, the gain variation of the cross-interaction transfer
functions is investigated by determining the static gain in several
operating points. The resulting gains for each transfer function
are shown in Table III.
The gain varies between 0.17 and 5.35 for GQvY , which
indicates the nonlinearity of the model as noted in Section III.
The effect of these gain variations is significant as the resulting
output to an input between 0 and 10 V will be bigger than the
inherent error of 5 N due to the instrumentation errors on the
load cells discussed in Section II-B. In order to provide optimal
control for the UGKR system, the controller should take the gain
variations of the cross-coupling transfer functions into account.
Therefore, an adaptive gain strategy is used for each of the six
cross-coupling transfer functions where a linear interpolation
is performed based on the gain variation matrices shown in
Table III in order to obtain the intermediate gains. As linear
interpolation is used to estimate a gain of a nonlinear system,
modeling errors are introduced. These errors can be reduced by
identifying the system’s gains in more operating points but at
the cost of an increased identification time. A tradeoff between
identification and nonlinearity errors has been made resulting in
an optimal of nine different operating points for identification
in order to obtain the required control performance.
B. Model-Based PID design
An incremental PID controller is chosen to control the po-
sitions and forces in the UGKR. The incremental digital PID
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TABLE IV
TUNING SPECIFICATIONS AND PID PARAMETERS
Model OS T s e t Ro Kp Ti Td
GX x <5% <1 s >0.55 0.5 0.333 0
GY y <5% <1 s >0.55 0.45 0.5 0
GQ q <5% <0.5 s >0.55 0.03 0.17 0
GH 1 h 1 <5% <1 s >0.5 0.016 0.38 0.079
GH 2 h 2 <5% <1 s >0.5 0.024 0.36 0.072
controller is expressed by
u(t) = u(t− 1) + c0e(t) + c1e(t− 1) + c2e(t− 2) (2)
with
c0 = Kp
(
1 +
Ts
Ti
+
Td
Ts
)
c1 = −Kp(1 + 2Td
Ts
)
c2 = Kp
Td
Ts
(3)
where u is the controller output, t is the current time sample, e is
the error signal (i.e., the difference between the current output
and the desired output), Ts is the controller sampling period,
which is 30 ms, and Kp , Ti , and Td are the tuning parameters
of the controller.
The PID parameters are tuned using FRTool [39] and the
mathematical models obtained in Section III-B. Specifications
on overshoot OS, settling time Tset and robustness Ro ⊂ [0, 1]
are used to find optimal controller parameters. The values for
the tuning specifications along with the resulting PID parameters
are given in Table IV. Notice that the given specification can be
achieved by a PI controller for the X- and Y -positioning and
the quadriceps force. For the control of the hamstring forces, a
PID controller is needed to fulfill the given specifications.
C. Feed-Forward Control
In order to improve the performance of the PID controllers,
a feed-forward strategy is introduced. Simulations suggest that
the PID controller on its own lacks performance in trajectory
tracking (see Section V-A). Feed-forward uses a priori knowl-
edge about the trajectory to estimate the future speed by per-
forming a discrete differentiation on the future position taking
into account for delay if present. This speed serves as a base
control output on which the PID controller eliminates small er-
rors. The feed-forward action then consists of a differentiation
multiplied with a gain and can be expressed for the horizontal
positioning as
FX =
1− z−1
KTs
(4)
where KTs is equal to the static gain of the identified model
(see Table II) and Ts is the sampling time of 30 ms. Similar ex-
pressions for the other feed-forward controllers on the positions
and the forces can be obtained.
Fig. 6. Control diagram of the quadriceps control with the decouplers
and the feed-forward control. A similar control scheme is used for each
of the hamstrings.
D. Decoupled Control
Identification indicates that cross coupling between the forces
and the positions is present. In order to optimally control the
UGKR, the effect of the cross coupling will be compensated by
the use of decouplers. The control scheme of the feed-forward
PID control with the decouplers for the quadriceps force is given
in Fig. 6. Here, ei for i = X,Y,Q represents the difference
between the desired value and the actual value and vi for i =
X,Y,Q is the control effort, i.e., the process input.
The influence of the horizontal and vertical positioning on
the quadriceps force is captured by transfer functions GQvX
and GQvY . The decouplers DQX and DQY should, thus, be
constructed to counteract the cross-coupling effect. From Fig. 6,
it can be directly observed that DQi ·GQvQ = −GQvi , for i =
X,Y , will result in decoupling, from which
DQi = − GQvi
GQvQ
= −
KQi · z−2
1− z−1
KQQ · z−2
1− z−1
= − KQi
KQQ
= KDQ i
for i = X,Y. (5)
A similar reasoning can be applied to determine the decouplers
for both hamstring control loops. The resulting expression is
valid
DH1 X = −
GH1 vX
GH1 vH 1
= −
KH1 X · z−2
1− z−1
KH1 H1 · z−2
(1− z−1)(1− 0.8z−1)
= −KH1 X (1− 0.8z
−1)
KH1 H1
= KDH 1 X (1− 0.8z−1). (6)
For the other decouplers, similar expressions are obtained, re-
sulting in
DH1 Y = KDH 1 Y (1− 0.8z−1)
DH2 X = KDH 2 X (1− 0.77z−1)
DH2 Y = KDH 2 Y (1− 0.77z−1). (7)
Equations (5)–(7) are used to implement the decoupled control
strategy.
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Fig. 7. Feed-forward control on the X -position with “R” indicating the
reference signal, “F” indicating with feed-forward action, and “noF” indi-
cating without feed-forward action. The subscript “s” indicates the simu-
lated results. The dash-dotted line indicates the 2 mm position specifi-
cation, which is not violated when feed-forward action is present.
V. SIMULATIONS AND EXPERIMENTAL VALIDATION
The designed control strategy consists of a PID controller
with gain adaptation where feed-forward action and decouplers
are added to improve the performance. In this section, the ad-
vantages of the feed-forward and the decouplers are investigated
using simulations in MATLAB/Simulink and experimental val-
idation. The Simulink model consists of the transfer functions
obtained from the identification in Section III-B. The full control
strategy is implemented for a bicycle motion on the mechanical
hinge.
A. Performance of Feed-Forward Control
To investigate the advantages of the feed-forward action, a
discrete-time simulation with gain adaptation has been per-
formed with and without feed-forward action. The same ex-
periment is also performed on the real machine.
For the purpose of position control, the reference is a sinu-
soidal trajectory shown in the top of Fig. 7 for the X-position.
The tracking performance with and without feed-forward action
is evaluated using the absolute error between the reference and
the actual output as defined in Fig. 6 and shown in Fig. 7.
A similar analysis can be performed for the quadriceps control
where the reference is a force trajectory as seen during a bicycle
motion. The bicycle motion starts with the upper leg at the top of
the motion, i.e., at the moment in the bicycle motion where the
biker needs to apply force. Afterward, the force decreases and
remains constant when the other leg takes over. This reference
signal is generated by a numerical model called AnyBody [26].
The resulting output signals and error signals for both with and
without feed-forward action are shown in Fig. 8.
B. Performance of Decoupled Control
To investigate the performance of the decouplers, a set of step
changes has been designed where each input variable alternately
receives a stepwise change as can be seen from the dashed
reference signals in Fig. 9. As these stepwise changes are very
abrupt, this experiment is only performed in simulation due to
safety of the mechanical hinge. From the output signals in Fig. 9,
it is clear that interactions between the forces and positions are
Fig. 8. Feed-forward control on the Q-force with “R” indicating the refer-
ence signal, “F” indicating with feed-forward action, and “noF” indicating
without feed-forward action. The subscript “s” indicates the simulated
results. The dash-dotted line indicates the 10 N force specification which
is in regime not violated when feed-forward action is present.
Fig. 9. Decoupled versus nondecoupled control (black dashed: refer-
ence signal, blue solid: simulated output without decouplers, red dotted:
decoupled simulated output). Event A is a step change on the X -position,
while event B is a step change on the Y -position. The effect of both
events is fully compensated by the decouplers.
present. A step on the horizontal positioning (event A: step from
500 to 600 mm) has a significant effect on the quadriceps and
hamstring forces (see gray circles). The same is valid for the
vertical positioning (see green circles, event B: step from 850 to
750 mm).
C. Performance of the Proposed Control Strategy
The designed control strategy is applied on a mechanical
hinge, which serves as a model for the human knee joint [26].
The performed motion are bicycle motions with a cycling period
of 10 s. The reference signals for the horizontal and vertical
positioning are sinusoids, the reference for the quadriceps force
is the obtained signal from AnyBody, and for the hamstring
forces a constant value of 100 N is considered. The output
values are measured and compared to the simulated values in
order to validate the obtained model from identification. A close
up of the results is shown in Fig. 10.
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Fig. 10. Measured signals (solid blue line) compared to the simulated signals (dotted red line) to show how good the correspondence is between
the measured signals and the simulated signals based on the identification. The reference signals are plotted in dashed black lines.
VI. DISCUSSION
The simulations and experimental results from Section V
require some discussion.
The results on the performance of the feed-forward control
suggest that using the feed-forward controller leads to a decrease
in the absolute error between the desired position or force and
the actual output. For the position, maximal error after transient
behavior decreases from 5.5 to 0.6 mm by using feed-forward
in the real measurement. This decrease in error leads to a sat-
isfaction of the position design specification of maximal 2 mm
absolute error for both the simulation as the real measurements.
This limit is indicated by the dash-dotted line in Fig. 7. For
the force, a similar decrease is observed in Fig. 8, where the
error decreases from a maximal error after transient behavior
of 19.2 to 9.7 N for the real measurement. The error is de-
creased below 10 N, i.e., the design specification, at the cost
of a slightly higher control effort. However, the control effort
remains within the ±10 V range imposed by the limitations of
the instrumentation as discussed in Section II-B.
The results on the performance of the decouplers in Fig. 9
indicate that the designed decouplers compensate the cross-
interaction effect completely for a step change on the X-position
(event A) and the Y -position (event B).
The comparison between the response of the simulated model
to the one of the real system in Fig. 10 motivates the validation of
the identified model. From Fig. 10, it can be concluded that the
designed control strategy is able to control the system within the
given design parameters, i.e., less than 2 mm error on positioning
and less than 10 N error on force, which are comparable to
knee rigs from the literature. From the measurements, it can be
concluded that this system is able to perform a bicycle motion
at a cycling period of 10 s, which is six times faster than the
previous version. This version of the UGKR is to the authors’
knowledge the first dynamic knee rig able to impose bicycle
motions with high accuracy and speed.
The experimental results show that the identified gains used in
the gain adaptation techniques are adequate for the mechanical
hinge. However, as the difference in elasticity and nonlinearity
between the mechanical hinge and the cadaver knee is big, the
identified gains will not suffice when a cadaver specimen is in-
serted in the UGKR. Therefore, an automatic gain identification
sequence will need to be added to the proposed system in order
to cope with this problem as part of the future work. In this
way, the sequence can be run when a new cadaver specimen is
inserted, thus providing a solution for the interpatient variability
in the gains.
Notice the sudden changes in the quadriceps force refer-
ence trajectory needed to simulate the bicycle motion. Even
though the amplitude of the force is lower compared to simu-
lated squat motions, the reference trajectory is more challeng-
ing from the control point of view than the sinusoidal force
profiles seen during squat motions. This bicycle motion is a
starting point to simulate suddenly changing force trajectories
such as the descending staircase which will be focus of future
work.
VII. CONCLUSION
This paper presents a new control strategy for the UGent knee
rig, which is capable of imposing bicycle motions onto cadaver
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knee specimens in order to analyze knee biomechanics and
newly designed knee implants. The system is described from
electromechanical point of view and its instrumentation and
limitations are discussed. A new control strategy is designed
based on a mathematical model obtained with identification
techniques. Dynamical analysis suggests that there is a need for
a PID controller with gain adaptation. In order to improve the
control performance, feed-forward action and decouplers are
added to the control strategy and their beneficial effect is shown
via simulation and measurement. The final control strategy is
implemented on the real system and tested using a mechanical
hinge model of the knee joint. The results indicate that the ob-
tained model fits well to the measured data and that the designed
control strategy is able to control the system within the given
specifications of less than 2 mm error on position and less than
10 N error on force. Future work includes testing the designed
control strategy on a series of cadaver knees in order to investi-
gate the effect of a biological specimen and test the robustness
of the controller against specimen variability. Development of
a mathematical model and its validation to the real system is a
second part of the future work which can also be used to validate
the clinical relevance of the 10 s cyclic motion.
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